Introduction
To provide suitable radiation protection at synchrotron beamlines it is necessary to shield for several different sources of radiation. One source of radiation is the secondary bremsstrahlung (SB) that is produced when the bremsstrahlung from the storage ring strikes a beamline component. The characteristics of the SB depends upon several factors, including the incident bremsstrahlung-beam spectrum and the composition and geometry of the target. However, for a target that is sufficiently thick for an electro-magnetic shower to completely develop, several simplifying assumptions may be made that allow for a relatively straightforward calculation of the necessary shielding.
A developed shower becomes mostly photons with an energy spectrum centered about the energy of the minimum attenuation coefficient, Ilmin, for the target material. For most materials, the energy of Ilmin, Emin, is a few MeV.
With the assumption of a fully developed shower, the SB emitted from a target can be approximated as a monochromatic beam with an energy of Emin. Furthermore, if we assume that the material used for shielding will be Pb, we can use the value of Emin for Pb for any SB independent of target. This assumption is somewhat conservative, but only increases the thickness of the shielding a small amount because the attenuation coefficient for Pb varies slowly in the range of 1-10 MeV.
Using the above assumptions, the calculation of shielding thickness for a given amount of SB is straightforward, providing the SB strikes the shielding at a normal incidence (8 = 90°). However, in many cases of interest, normal incidence is not the case and is not a good approximation. An example would be for a section of shielded beampipe immediately downstream of a bremsstrahlung collimator.
At ordinary x-ray energies (5 keV to 30 keV), it is common to use an effective thickness, so that te = t / Sine. [1] At showering energies (~10 MeV or greater in Pb), there is significant lateral scattering and it is clear that equation [1] is a poor approximation} However, at energies of interest for SB (~5 MeV), it is not obvious what effect the angle of incidence will have upon the effective shielding.
In the rest of this paper, the results of simulations will be given for SB beams that are incident upon various thicknesses of Pb at several angles.
EGS4 Simulations
The EGS4 program was used to calculate SB transmission. Electron Gamma Shower (EGS4) is a Monte-Carlo code that simulates the coupled transport of electrons and photons with energies from a few keV to several TeV. It also consists of a stand-alone program PEGS4, which creates data to be used by EGS4 from cross-section tables for elements of atomic number 1 through 100. The EGS4 program is described in detail elsewhere. 2 In the EGS4 calculation for this study, a photon of given energy is directed onto a slab of lead at the specified angle; then the photon and the products of its interaction with the lead are tracked. A sample of 10,000 incident photons was used for each condition in this study. The time to run the code for each case was approximately three hours on a Silicon Graphics Indigo workstation.
Results were obtained for Pb slab thicknesses of 8 mm, 12 mm, and 24 mm with incident photon energies of 1 MeV, 5 MeV, and 10 MeV (i.e., nine total sets of data). For each thickness/energy condition, incident angles of 5°, 15°, 30° , 45° , 60°, 75°, and 90° were examined. (In this study, 90° is normal incidence.) Below 5°, the statistics become very poor and no reliable information was obtained.
Results and Discussion
The results for the nine combinations of incident-photon energy and Pb-slab thickness are given in Tables 1-9 . In these tables, I is the average trans- It is clear from these results that the angle of incidence has a significant effect on the amount of transmission for all of the energies studied. In all cases, the 5-MeV incident energy photons have the greatest transmission. Hence, the remainder of the discussion will focus on this case. [3]
Error bars have been omitted from Figure 4 to maintain clarity (they can be deduced from the relevant tables or from Figures 1-3 ), but it should be noted that the errors for the lEGS at the lower angles are quite large. In Figure 4 , a value less than one for IealelIEGS indicates that the shielding is underestimated by Iealc. This is true for all values shown. The amount of under est imation ranges from -10% for the angles between 45° and 90°, to considerably larger differences at 5 ° .
The underestimation of radiation transmission by equation [3] is due to the well-known "build-up" factor. The build-up factor occurs because photons emitted by Compton scattering have sufficient energy that they are not immediately reabsorbed and continue travel through the material (largely in the forward direction).4 The Compton scattered photons that make it through the slab contribute to the transmission energy. The EGS4 simulation tracks the Compton-scattered photons and consequently gives transmission values that more accurately reflect the scattering processes than equation [3] .
Conclusions
The following statements can be made based upon the results presented above. 
